Background: Determination of cerebrospinal fluid (CSF) total protein (TP) as well as of CSF/serum albumin quotient (Qalb) is part of the routine CSF work-up. However, currently used upper reference limits (URL) are not well validated leading to over-reporting of blood-CSF barrier dysfunction in approximately 15% of patients without neurological disease. The objective of this study was to determine age-related URL for CSF TP and Qalb in a cohort of control patients. Methods: A total of 332 paired CSF and serum samples of patients without objective clinical and paraclinical findings of a neurological disease were analyzed for CSF TP and Qalb. CSF TP was measured by spectrophotometry and albumin in CSF and serum by nephelometry. Results: CSF TP concentration and Qalb significantly correlated with age. In subjects at the age of 18-70 years, median CSF TP ranged from 320 to 460 mg/L and URL defined as the 95th percentile were 530-690 mg/L. Median Qalb ranged from 4.1 to 6.1 and URL from 8.7 up to 11.0. For URL of Qalb we calculated the following formula: age/25+8.
Introduction
Determination of cerebrospinal fluid (CSF) total protein (TP) as well as of CSF/serum albumin quotient (Qalb) is part of the routine CSF work-up [1] . Both measures are increased in case of blood-CSF barrier dysfunction, which is evident in various neurological diseases, such as meningitis, leptomeningeal metastases or inflammatory demyelinating polyneuropathy [2] . In contrast to CSF TP, Qalb is not influenced by an intrathecal protein synthesis, is corrected for serum concentration of albumin and is method-independent [1] . It is known that protein concentration in CSF increases with age [3] [4] [5] [6] , however, current guidelines consider CSF TP concentration < 450 mg/L as normal without any correction for age [1] , and the formerly suggested age-related upper reference limit (URL) for Qalb [2] still returns false positive results in roughly 15% of patients without evidence of neurological disorder (ruled out by clinical, laboratory and imaging diagnostics) [7] . Studies on reference values for CSF TP and Qalb published so far show considerable methodological problems, such as arbitrarily selected and poorly defined cohorts, and lack appropriate statistical methods. Here, we aimed at determining age-related URL for CSF TP and Qalb in a large cohort of control patients, as reliable reference values are needed for an accurate interpretation of the results of CSF analysis.
Materials and methods

Patients and samples
We have stored the results of CSF and serum sample analyses performed for routine diagnostic purposes from patients with mainly neurological diseases in a computerized database. In a total of 3623 patients, who underwent lumbar puncture and were at least 18 years old, results on white blood cell (WBC) count, red blood cell (RBC) count, CSF TP content, CSF and serum albumin, IgA, IgM and IgG concentrations were available. These patients were screened applying the following criteria: sample processing within 24 h after withdrawal, RBC count < 1500/3 [8] , WBC count < 30/3 (unit "/3" is explained below), CSF TP < 1 g/L and lack of intrathecal immunoglobulin synthesis according to Reiber hyperbolic formula [9] . Medical records of the remaining patients were studied, and patients who did not have objective clinical or paraclinical findings to define a specific neurological disease at the time of sampling were included, fulfilling the criteria for "symptomatic control" group according to the guidelines by the BioMS consortium ( Figure 1 ) [10] . These patients were subdivided by their diagnoses according to the consortium's proposal [10] . Serum samples were collected by venous puncture. All samples were centrifuged at 2000 g for 10 min at room temperature [1, 8] . 
Literature search
A literature search in PubMed using the search terms "cerebrospinal fluid" AND "total protein" AND ("normal" OR "reference"), as well as "cerebrospinal fluid" AND "blood" AND "albumin" AND ("normal" OR "reference") limited to 1 April 2014 returned 226 and 346 references, respectively. Abstracts that primarily did not deal with CSF TP or Qalb in normal (or pathological) conditions were excluded. In addition, articles identified in reference lists of individual papers were selected if considered appropriate. Only original articles written in English or German were considered.
CSF analysis
CSF WBC and RBC were counted within the Fuchs-Rosenthal chamber, which has a volume of 3.2 μL. Therefore, counts are reported as "/3" cells (approximate correction for a standard volume of 1 μL) [1] . CSF TP was determined by spectrophotometry after incubation of centrifuged CSF with 3% trichloroacetic acid [11] . Inter-assay coefficient of variation (CV) ranged from 6% to 8%. Concentrations of albumin, IgG, IgA and IgM in CSF and serum were measured using a Beckman Coulter nephelometer (Beckman Coulter GmbH, Brea, CA, USA) using an antibody (in case of albumin and IgG) or a latex-enhanced antibody-based reaction (in case of IgA and IgM). Inter-assay CV of albumin, IgG, IgA and IgM in serum ranged from 1.9%-2.6%, 2.0%-2.6%, 2.5%-2.9% and 2.4%-3.2%, and in CSF from 4.4%-6.5%, 1.3%-5.3%, 2.5%-3.7% and 2.0%-5.2%, according to the manufacturer. Inter-assay CV of Qalb ranged from 8% to 10% (in house validation). Detection of oligoclonal IgG bands (OCB) was performed by isoelectric focusing and subsequent immunoblotting using IgG-specific antibody staining as previously described by Keir et al. (apart from using polyacrylamide instead of agarose gel) [12] .
Statistic analysis
For demographic statistical analysis we used SPSS 21.0 (SPSS Inc, Chicago, IL, USA). CSF TP and Qalb did not show a normal Gaussian distribution (Supplemental Material, Figure S1 that accompanies the article at http://www.degruyter.com/view/j/cclm.2016.54.issue-2/ cclm-2015-0253/cclm-2015-0253.xml?format=INT). Instead, both distributions are right-skewed, i.e. with a heavier upper tail compared to the Gaussian distribution. We used Spearman's coefficient for correlation analyses, and non-parametric group comparisons were performed using the Mann-Whitney U-test. Two-tailed p-values < 0.05 were considered as statistically significant. For determining the 95th percentile of Qalb as a function of age, a linear quantile regression was carried out using the R system for statistical computing 3.1.2 [13] and the add-on package quantreg 5.11 [14] .
Ethics
No ethical vote was needed because this is an anonymous retrospective analysis of existing data that were obtained in routine diagnostic procedures and used for quality assurance purposes within this study.
Results
Literature search
Determination of reference values of CSF TP and Qalb is largely based on small studies, which include different subjects ranging from healthy volunteers to patients with distinct neurological diseases supposed to have normal CSF protein levels, such as patients with epilepsy. The main findings are summarized in Table 1 . There is only one study of 93 patients (classifiable as "symptomatic control" group according to Teunissen et al. [10] ) that calculated reference values of CSF TP and Qalb for different categories of age [3] .
Patient characteristics
A total of 332 patients with paired CSF and serum samples were analyzed for CSF TP as well as CSF and serum albumin concentration. Demographic variables and main CSF findings are shown in Table 2 , a description of clinical diagnoses is detailed in Table S1 
Age-dependent median and upper reference limits for CSF total protein and Qalb
Both CSF TP and Qalb correlated with age (R = 0.3, p < 0.001 for both; for further correlation analyses see Figure S2 and Table S2 ). To illustrate dependency of CSF TP and Qalb on age, we categorized patients by age intervals of 10 years (12 years between 18 and 30) and calculated median values and URL for each age range (Table 3) .
In patients at the age of 18-70 years (n = 324), median and 95th percentile of CSF TP ranged from 320 to 460 mg/L and 530 to 690 mg/L, respectively. The median and 95th percentile of Qalb ranged from 4.1 to 6.1 and 8.7 to 11.0. For determination of the 95th percentile of Qalb as a function of age, linear quantile regression analysis (including all patients) was performed and returned the formula QalbLim = age × 0.0435+7.9249 (Figure 3 ), which can be rounded to age/25+8 without changing the overall results.
CSF TP, Qalb and clinical specificity
To determine the impact of the new URL, we determined clinical specificity according to the recommended limits. Using an URL of 450 mg/L for CSF TP [1] , 31.8% of patients showed higher concentrations. The currently recommended age-dependent URL for Qalb (calculated as age/15+4) [2] returned 23.7% of patients above this limit. Furthermore, applying the conventional limits, CSF TP and Qalb were counter-directional, i.e. CSF TP increased while Qalb decreased or vice versa, in 67 (20.2%) of 332 patients; applying our new URL this mismatch was observed in only 24 (7.2%) patients.
Discussion
Here, we present age-dependent median values and URL (defined as 95th percentile) for CSF TP and Qalb in a large cohort of control patients (n = 332). URL for CSF TP is 500 mg/L for patients at 18-30 years of age and 600 mg/L for those at 30 years and above, taking into account the measurement uncertainty of CSF TP values. URL for Qalb continuously increased from 8.7 to 11 for patients between the age of 18 and 70 years.
In [3-6, 15, 19, 22, 24] ). Both CSF TP and Qalb increased with age [3, 5, 6, 17, 19] , a finding that might be explained by reduced CSF flow rate in the elderly [27] . Categorizing patients by age intervals of 10 years, we observed median CSF TP concentrations ranging from 320 to 460 mg/L and median Qalb of 4.1-6.1, which is also in line with previous studies [3, 5] .
URL defined as the 95th percentile were 620 mg/L for CSF TP and 9.7 for Qalb in the whole population (i.e. including patients at all ages) and, thus, were higher than those recommended (450 mg/L for CSF TP according to CSF guidelines established by an task force of the European Federation of Neurological Societies [1] , and 8 for Qalb [2] ). Almost all previous studies reported higher URL than the recommended limits, albeit there is a high variability between these studies. Reported URL for CSF TP ranged from 410 to 685 mg/L [3, 4, 6, 15-17, 20, 21, 23, 25] and for Qalb from 6.5 to 11.1 (using mean+2 SD or 95th-98th percentile [according to specification within these studies]) [3-6, 15, 22] (Table 1) . 
Data are displayed as median (5th-95th percentile) unless otherwise specified. [3] . Comparing URL of Qalb in different age categories with previous studies [3, 5] it seems that values of the present study were higher. Blennow et al. reported a 95th percentile for Qalb up to 6.8 in patients < 45 years (in our cohort up to 9.6 for patients < 40 years), and up to 10.2 in those between 45 and 88 years (in our cohort up to 11 for patients between 40 and 80 years) [5] . Tibbling et al. found a Qalb (mean+2 SD) of 5.7 in patients < 30 years up to 9 in those aged between 61 and 77 years [3] , values in our study for similar age categories were 8.7 and 11.
However, regarding previous studies, one has to consider that often only small numbers of patients were included which might have an impact especially when splitting patients into different age categories. With such a small number of cases results might be less reliable probably explaining why reported URL for patients in general were widely comparable with our results, but differed in the subgroups according to age. Sometimes, statistical methods might have not been applied correctly, e.g. distribution of data was not declared and parametric rather than non-parametric methods were used, e.g. in the case of small patient numbers.
It is a general limitation to studies on reference values in CSF that collection of a reasonable number of samples from healthy volunteers over a broader range of age is essentially impossible. Therefore, we sought to select CSF samples from a population of patients who can be considered normal from a CSF point of view as described recently [10] .
A possible limitation of the present study concerning CSF TP concentrations is that OCB status was not available of all patients. However, values of CSF TP did not differ between the group of patients with and without available OCB status. Furthermore, as absence of an intrathecal Ig synthesis, determined by the Reiber formula [9] , was an inclusion criterion in this study, it is very unlikely that intrathecal Igs would lead to a relevant, falsely increased CSF TP concentration (due to the small amount of Ig if only detected by isoelectric focusing and not by Reiber formula).
The time interval between sample withdrawal and processing, which was ≤ 24 h by selection criteria, is unlikely to have influenced the results as protein concentration are stable for at least 24 h at room temperature (according to the manufacturer's information).
There is a concentration gradient of proteins along the neuroaxis with the highest concentrations in the lumbar sac [1] , however, a significant difference for CSF albumin and Qalb has been found only comparing the first 0-4 mL to the last 21-24 mL of CSF obtained by lumbar puncture [28] . It is unlikely that this factor had a significant impact on our results because usually we receive up to 10 mL of CSF, sometimes in one single tube, sometimes in aliquots. Although it has not been recorded in the database, we assume that the fraction of CSF that has been included in the analysis is equally distributed over this range.
We believe that the results on Qalb can be applied quite generally, as determination of Qalb is method-independent due to calculation of a CSF/serum ratio (provided that the same method is used for determination of CSF albumin and serum albumin). Regarding CSF TP, different URL may apply, if different methods are used [23] . Having applied strict inclusion criteria, we are confident that our population comes quite close to a "normal" control group. We think that URL for CSF TP and Qalb need to be re-considered as the currently recommended URL obviously lead to false positive results. This might explain why a recent study [7] found isolated blood-CSF-barrier dysfunction (as defined by elevated Qalb) in roughly 15% of "normal" patients (neurological disorder was ruled out by clinical, laboratory and imaging diagnostics). Also, in our setting roughly 20% of CSF samples would have been falsely classified using the conventional limits.
For blood-CSF barrier function, we suggest using the following formula for URL of Qalb: age/25+8, approximately representing the 95th percentile of our study 
